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In this paper, the nanocrystalline (Nd, g5Dy ;5);oFeg3Zr;Bg ribbons produced by melt-spinning
have been investigated by the X-ray diffraction method (XRD), vibrating sample magnetome-
ter (VSM) and magnetic force microscopy (MFM). The XRD studies showed that material
investigated was mainly composed of Re,Fe,,B and a-Fe phases with fine grain sizes of 25 and
9 nm, respectively. The magnetic parameters determined from the hysteresis loop measurements
are as follows: gyH-=0.96 T, ttgMy=0.76 T, ttyMg=1.09 T, (BH),,,, = 88 kJ/m>. The large
remanence ratio (o Mp/uyMs) of 0.7 results from the exchange coupling between the soft and hard
magnetic grains. The large surface interaction domains revealed by MFM confirmed the existence
of strong exchange coupling between nanosize grains.

Keywords: nanocomposite materials, melt-spinning method, Re—Fe—B alloys, hard magnetic magnets,
surface domain structure.

1. Introduction

Modern nanocomposites obtained on the basis of Re,Fe 4B (Re = Nd, Dy, Pr) and
a-Fe phases are characterized by excellent functional parameters and belong to the latest
generation of the hard magnetic materials. The article describes research on nanocrys-
talline Nd—Fe—B-type ribbons produced by the melt-spinning method. The melt-spinning
method is a simple and economical way to prepare nanocomposite ribbons, which can
be used for obtaining the hard magnetic materials. These nanocomposite magnets are
produced from alloys which have a lowered amount of neodymium compared to
the composition of magnetically hard Nd,Fe 4B phase. These materials, due to a unique
microstructure which consists of exchange interacting hard and soft magnetic phases,
are characterized by high density of maximum energy product (BH),,,, and enhanced
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remanence f,Mp. In order to compensate the decreasing in coercivity caused by
the exchange interaction, the neodymium atoms are replaced by a small amount of
dysprosium (Dy = 0.5-2 at.%), since the anisotropy field of Dy,Fe 4B phase is higher
than the anisotropy field of Nd,Fe 4B phase [1, 2]. It must be noted that the addition
of zirconium influences the exchange interactions and significantly affects the mag-
netic properties [3, 4].

In nanocomposite magnets with a very fine grain size (less than 40 nm) the large
interaction domains are formed due to the strong magnetic interaction between grains.
The number of works dealing with the investigation of the interaction domains and
correlation between them and microstructure and magnetic properties is limited [5—8].

In this paper the magnetic properties and surface interaction domains structure of
(Ndg gsDyy.15)10Feg3Zr B¢ thin ribbons are presented.

2. Research methodology; studied materials

The samples of (Nd gsDyq 15);0F€g3ZrB¢ were obtained from high purity elements
using the arc melting in the protective argon atmosphere. A small amount of Zr (1 at.%)
was added in order to hinder the grain growth. The nanocomposite ribbons were
prepared by rapid quenching of the liquid alloy on a rotating cooper wheel with
the linear velocity of 20 m/s and pressure inside the chamber of 0.4x10° Pa.

The phase composition was determined using a Bruker D8 Advance X-ray
diffractometer with Lynx Eye semiconductor counter and CuK,, as a radiation source.
The Scherrer formula was used to calculate the average grain size from the peaks
broadening.

The hysteresis loop was measured under magnetic field up to 2 T using the LakeShore
vibrating sample magnetometer at room temperature. The magnetic field was applied
along the longitudinal direction of the ribbon. From the major hysteresis loop, the mag-
netic parameters, i.e.: coercivity y,H, remanence y,Mp, saturation magnetization
MoMs, and maximum energy product (BH),,,,, were determined.

The study of the domain structure was carried out using magnetic force microscopy
(MFM). The magnetic contrast imaging was performed in tapping (AFM — topography
of sample surface)/lift (MFM — magnetic structure) mode. The MESP-ESP tip coated
with CoCr films of thickness of ~50 nm with coercivity of 32 kA/m and at a scan height
of 40 nm was employed. The tip was magnetized along the tip axis perpendicular to
the ribbon surface.

3. Results and discussion

Figure 1 shows the X-ray diffractogram for the sample in an as-cast state. The dif-
fractogram shows peaks corresponding to o-Fe and Re,Fe,,B phases with a wide and
visible amorphous halo. Using the Scherrer formula, the average grain sizes of both
o-Fe and Re,Fe,,B phases were estimated as equal to 9 and 25 nm, respectively.
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Fig. 1. X-ray diffractogram (Nd, 35Dy 15)10F€g3ZrBg ribbon in the as-cast state.
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Fig. 2. Hysteresis loop of (Nd gsDyy 15)10Feg3ZrB¢ ribbon in the as-cast state.
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In Figure 2 the hysteresis loop measured at a magnetic field of 2 T is presented.
From this loop, the values of coercivity, remanence and maximum energy product were
evaluated to be: (yH-=0.96 T, ttyMy =0.76 T, (BH),,,,, = 88 kJ/m3. The saturation
magnetization ¢, Mg=1.09 T was obtained from the plot of 1, M versus 1/(uyH ) by
extrapolating the curve to 1/(uyH > =0.

As it can be seen from Fig. 2, the initial magnetization curve rises gradually at low
fields, exhibiting an inflection point at a field about 0.7 T and then rises more rapidly.
The observed shape of the initial magnetization curve results from the combination of
different reversal magnetization mechanisms like the rotation of the magnetic moments
for lower and pinning of domain walls for higher values of applied magnetic fields.
The hysteresis loop of the ribbons investigated shows a single-phase behaviour and

a good rectangularity. The demagnetization curve shape is typical for multi-phase
material with strong exchange interaction between grains of magnetically soft and
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Fig. 3. MFM image of nanocomposite (Nd, gsDyj 15)10Feg3Zr B¢ ribbon in the as-cast state (a), line
section from MFM image (b).

hard phases. This is also confirmed by the high remanence ratio of 0.7, which is larger
than 0.5 (according to the Stoner—Wohlfarth theory for single domain non-interacting
particles [9]).

Figure 3a presents the magnetic domain structure image observed by MFM with
a scan size 14.8 umx14.8 um. From two scan lines (Fig. 3b) corresponding to MFM
image, the magnetic domain width taken at different places was measured as equal to
8.61 um for dark domain (negative phase shift corresponding to an attractive
interaction between the tip and the sample surface) and 5.36 um for light domain
(positive phase shift corresponding to a repellent interaction between the tip and
the sample surface). Light and dark domains mean that they are magnetized oppositely
perpendicular to the sample surface. The nature of theses domains is different than
that of classical domains with 180° Bloch walls. The magnetic domains extend over

857.7nm p
3: Phase 2.7 um 1: Height 27 um

Fig. 4. MFM image of nanocomposite (Nd, gsDyj 15);0Feg3ZrBg ribbon (a), AFM image corresponding
to MFM image from Fig. 4a (b).
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the area consisting of hundreds of grains whose sizes (25 nm) are much smaller than
the single-domain diameter for Re,Fe 4B phase (190 nm [10]), which means that they
are the interaction domains.

The interaction domains observed in this work are ten or more times larger than
those reported for example in [5, 6] for nanocomposites with another composition.
This proves that the exchange interactions in the sample investigated are very strong.

In a MFM image presented in Fig. 4a the fine structure with sizes comparable to
grains diameter can be seen within the interaction domains certifying that the inter-
action domains are composed of many single-domain grains with slightly different
magnetization direction. The contrast within the interaction domains is not homoge-
nous. Figure 4b presents the AFM image corresponding to MFM one in which the same
details are visible but the contrast is much weaker, which means that the details visible
in MFM image are not of magnetic origin.

4. Conclusions

Based on the research, the following conclusions can be drawn:

— The ribbons examined are multi-phase, consisting of the magnetically hard
Re,Fe 4B, soft o-Fe and amorphous phases;

— Demagnetization curves are smooth and single-stage like in single-phase material;

— The ratio pyMp/tyMg= 0.7 proves that nanosize grains are strong exchange
coupled;

— The interaction domains revealed by MFM method confirm the existence of
strong exchange interaction between grains.

References

[1] THEN.D.,HoaN.Q.,OuS.K., YU S.C., AN H.D., Vu L.V., CHAU N., Crystalline evolution and large
coercivity in Dy-doped (Nd,Dy) ,Fe;,B/c~Fe nanocomposite magnets, Journal of Physics D: Applied
Physics 40(1), 2007, pp. 119-122.

[2] ZnongmiN CHEN, OKUMURA H., HADJIPANAYIS G.C., QUN CHEN, Enhacement of magnetic properties
of nanocomposite Pr,Fe;,B/o-Fe magnets by small substitution of Dy for Pr, Journal of Applied
Physics 89(4), 2001, pp. 2299-2303.

[3] WanG C., YAN M., L1 Q., Effects of Nd and B contents on the thermal stability of nanocomposite
(Nd,Zr),Fe;,B/o-Fe magnets, Materials Science and Engineering B 150(1), 2008, pp. 77-82.

[4] X1a0QIAN Bao, Jie ZHU, WEI L1, XUEXU GAO, SHOUZENG ZHoU, Influence of zirconium addition on
microstructure, magnetic properties and thermal stability of nanocrystalline Nd,, ;Feg; ;B¢ alloy,
Journal of Rare Earths 27(5), 2009, pp. 843-847.

[5] DosPIAL M., PLusa D., SLUSAREK B., Study of the magnetic interaction in nanocrystalline Pr—Fe—Co—
—Nb—B permanent magnets, Journal of Magnetism and Magnetic Materials 324(5),2012, pp. 843—848.

[6] Szmaia W., GROBELNY J., CicHOMsKI M., HIRosawA S., SHIGEMOTO Y., Magnetic force microscopy
investigation of the domain structure of nanocomposite Nd,Fe;,B/ Fe;B magnets, Acta Materialia
59(2), 2011, pp. 531-536.

[71 AL-KnaFasr M.A., RaiNnrForRTH W.M., GiBBS M.R.J., Davies H.A., BisHor J.E.L., Magnetic force
microscopy of nanocrystalline NdFeB ribbons: A study of tip-sample interaction using a well-
-characterized sample, Journal of Magnetism and Magnetic Materials 182(1-2), 1998, pp. 111-123.



122 A. CEGLAREK et al.

[8] AL-KHAFAII M.A., RAINFORTH W.M., GiBBs M.R.J., DAviEs H.A., BisHor J.E.L., The effect of phase
constitution on the magnetic structure of nanophase NdFeB alloys observed by magnetic force
microscopy, Journal of Magnetism and Magnetic Materials 188(1-2), 1998, pp. 109-118.

[9] StoNEr E.C., WOHLFARTH W.P., 4 mechanism of magnetic hysteresis in heterogeneous alloys,
Philosophical Transactions of the Royal Society A 240(826), 1948, pp. 599-642.

[10] GRONEFELD M., KRONMULLER H., Initial magnetization curve and hardening mechanism in
rapidly quenched NdFeB magnets, Journal of Magnetism and Magnetic Materials 88(3), 1990,
pp. L267-L274.

Received May 2012
in revised form December 6, 2012




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


